A novel method for the characterisationof the processing of both absorption and phase holograms was proposed. Differently from the previous models, the square root of the diffraction efficiency of the processed hologram was directly related to the amplitude of the optical density modulation obtained at the development step. This characteristic is a good indicator of the degree of nonlinearity of the hologram processing. While the Lin -functions of phase holograms are similar to those of absorption holograms, the shape of the proposed function is completely different. Optical density and diffraction efficiency of holograms recorded in Agfa-Gevaert 8E75HD plates and processed with AAC developer and a solvent bleach without fixation step were measured and used for the demonstration of the method.
INTRODUCTION
It is well known that processing can greatly affect the quality of the holograms. To evaluate the effects of the recording material and the processing on the reconstructed image, a great number of methods have been proposed and used ''°. One of the most important property of holographic recording is the degree of its linearity. In the greatest part of the early papers on holographic recording materials the density against exposure or the amplitude transmittance against exposure functions were used for the evaluation of the imaging properties of the nonlinearly recorded holograms. Some authors derived other characteristics from the above functions, like Biedermann8, Pennington and Harper9 and Kaspar eta!.10 Pennington and Harper9 proposed the use of the optical density difference against average optical density function for characterizing the recording of silver halide absorption holograms. Lin proposed the use of the square root of the diffraction efficiency against bias exposure and fringe visibility function of plane wave holograms (See e.g. in Ref. 11 ).
The characterizationof bleached silver halide holograms is more complicated since their processing involves the conversion of the initial absorption grating into a phase one. In the greatest part of the experimental and theoretical works either the Lin-curves were used or the diffraction efficiency was related to the average optical density before bleaching 1214• Other methods, such as relating the square root of the diffraction efficiency of the phase grating to the effective electrical polarizability of the silver salt molecules'5 or the refractive index modulation to the optical density modulation'6 were also used. However, the direct measurement of the refractive index modulation across the hologram by interference microscopy can be applied only for gratings of low spatial frequency A method for the evaluation of the effects of film nonlinearities on the image reconstructed from absorption holograms has been developed by one of the authors of the present work That method made use of the Lin -functions of silver halide materials. In an other work Lin -functions of the Agfa-Gevaert 8E7511D for processing with two different developers were measured and used for the theoretical and experimental evaluation of the quality of the reconstructed image'9
The aim of the present work was to characterize the processing of phase holograms. To accomplish this task, we related the square root of the diffraction efficiency of the final hologram to the amplitude of the density modulation before bleaching. We think that this function describes better the processing of the holograms than those mentioned in the previous paragraph. The difference in these characteristics of absorption and phase holograms was also demonstrated.
EXPERIMENTS
We recorded two series of plane wave holograms in Agfa-Gevaert 8E75HD with a Helium -Neon laser operating at 632. The other element of the hologram pair has also been developed by AAC, and has been bleached in a R9 solvent bleach without a fixation step. Its composition was as follows:
Sulphuric acid (96-98%, purissimum) 10 ml/litre Potassium dichromat 2 g/litre Bleaching has been terminated 1 minute after the plate became transparent. After processing all the holograms, optical density of the absorption ones and diffraction efficiency of the phase ones have been measured. Both optical density and diffraction efficiency were corrected for reflectionlosses. Measured density against exposure data are shown in Fig. 1 , along with an analytical function fitted to them (that will be described in the next section). Square root of the diffraction efficiency of the phase holograms against exposure is shown in Fig. 3 , also along with a fitted analytical function.
For the characterization of the absorption holograms we used our previous results 18 The measured density against exposure data are shown in Fig. 2 , along with an analytical function fitted to them. The Lin -functions of the absorption holograms are shown in Fig. 4 , also along with a fitted analytical function. 
CHARACTERISATION OF THE BLEACHING PROCESS
In order to make it possible to extract the desired characteristics from our measurements, we fitted analytical functions both to the measured density against exposure and square root of diffraction efficiency against exposure functions.
Although several analytical approximationsof the density vsexposure curves of silver halide holographic recording materials can be found in the literature20', we used a slightly improved version of a relatively simple function introduced by us 19:
where D is the optical density, E0 is the bias exposure, and t, E1, ic and t1 are parameters. We fitted the following analytical function'8 to the measured square root of diffraction efficiency against bias exposure and fringe visibility I a(E,V) I curves:
a(E0,V)=f(E0)(1-e")e w(E0)
where a is the square root of the diffraction efficiency, E0 is the bias exposure, V is the visibility of the interference fringes and f(E0), Vo(EG) and w(E0) are parameter functions of the following form:
where "Par" stands for f,V0 and w, and c represent three sets of constants (i=f,V0,w).
Fits of the above function to the experimental data can be seen in Figs. 3 and 4 . The former corresponds to the phase holograms processed by AAC developer and solvent bleach without a fixation step and the latter to absorption holograms developed by AAC . Visibility of the recording interferencepatterns is indicated in the figures. The parameters of the fitted function for the absorption holograms have been published in a previous paper'9 The parameters of the a(E,V) function for the phase holograms are shown in Table I . Fitting an analytical function of two variables and 30 parameters to the experimental data was a tedious work, nevertheless it allowed us to handle the data easily and construct the desired o(zD) function (i.e. the square root of the diffraction efficiency against the amplitude of the density modulation Table I Table I . Parameters of the a(E0,V) function of Agfa-Gevaert 8E75HD, processed by AAC developer and R9 solvent type bleach.
We determined the parameters of the a(F,V) function in the following way: First we fitted the a(E0,V) function (2) to all the twelve measured a(V) curves (E0 = constant). It has been accomplished by using standard programs for the nonlinear fitting. Since there were only three parameters (f,V0 and w) to be determined for each curve, it could be done by high precision. Mterwards, we fitted the Par(F) function (3) to the f(E0), V0(E) and w(E0) curves obtained in the previous step. Since there were ten parameters to be determined in each case, we had to rely on our previous experience in fitting the same function to experimental data to assign adequately narrow ranges to the initial values of the parameters. Finally we obtained a set of parameters that describes well the measured function, although, naturally is not unique.
Evaluation of the a(iD) function from Eqs. (1) and (2) is straightforward. If E0 is the bias exposure and V the fringe visibility, the minimum (E..) and maximum (Em) exposures can be expressed as follows:
E=E0(1-V) (4) E=E0(1÷V) (5) Consequently, the amplitude of the density modulation at a bias exposure of E and visibility of V is:
Now, since both D (Eq. 6) and a (Eq. 2) are expressed as functions of the bias exposure and fringe visibility, the desired a(z&D) graphs can be evaluated.
Square root of the diffraction efficiency as a function of the amplitude of the density modulation for both absorption and phase holograms is shown in Fig. 5 . The characteristics of the amplitude holograms can be seen in the first column and those of the corresponding phase holograms (recorded under identical conditions) in the second one. Fringe visibility at recording is indicated right to each row. While the a(E0,V) functions (Figs. 3 and 4 ) of the two types of hologram are of similar shape, the difference in their a(zD) characteristics is striking.
Since absorption holograms were exposed only up to 50 j.J/cm, zD is monotonically increasing up to about 2.1, and there is no turning point in the graph, i.e. only one value of a belongs to each value of zD. Moreover, the shape of the a(D) characteristics of the absorption holograms is similar at each fringe visibility, namely an incomplete arch, somewhat resembling to the a(F,V) function of the material.
The a(D) characteristics of the phase holograms are completely different. Since they were exposed up to the density saturation (1500 J/cm), the initially monotonically increasing amplitude of the density modulation is decreasing beyond a certain bias exposure (except at V=1), so there is a turning point in the characteristics. The D value corresponding to the turning point varies between 0.6 (V = 0.2) and 3.7 (V = 0.95). The value of E belonging to these amplitudes of the density modulation is between 105 jd/cm2 (V = 0.2) and :290 J/cm2 (V = 0.95). As mentioned before, there is no turning point at V = 1.0. The turning points are around the maxima of the a(E,V) function, as can be seen in Fig. 4 .
The a(zD) curves at each visibility follow a more or less straight line with a quasi uniform slope (ranging from 0.25 to 0.3) almost up to the turning point. The second part of the graphs (after the turning point) is not straight. At the visibilities V = 0.2 and 0.4 it crosses twice the first part forming two loops (hardly seen in the figure) . The figure suggests that the falling part of a(D) nearly retraces the rising part between V = 0.7 and 0.8, so best linearity over the whole exposure range can be achieved in that visibility range. However, there can be seen a pronounced dip in the graphs that is discernible from V = 0.8 on. We found that the minimum of the dip corresponds to a bias exposure E0 =70 pJ/cm2, ie. about the inflexion point of the D(E0) curves (See Fig.1 ). 
DISCUSSION AND CONCLUSIONS
On the basis of measurements and an empirical model, we evaluated the a(D,V) characteristics of a silver halide holographic recording material processed to obtain amplitude and phase holograms. We found that the characteristics of the amplitude holograms were of similar shape at any fringe visibility, and they cannot be considered to be globally linear.
On the other hand, the rising part of those characteristics of the phase holograms was quasi linear (with an average slope between 0.25 and 0.3) even at high fringe visibilities. Contrary to the curves for the absorption holograms, the a(zD) curves of the phase holograms make one ore more loops. It is surprising that it is around visibility 0.8 where the two branches of the a(D) curve are relatively the closest to each other and there the relationship between a and D, at least in the upper branch, is quasi linear. A dip belonging to the inflexion point of the D(E) curve was also found in the characteristics of the phase holograms.
The above method was intended to serve as a tool for practical holographers, and not to compete with the existing theoretical models of holographic recording materials. However, further refinement of it on the basis of higher order coupled wave theory seems to be feasible. A first step might be to perform a Fourier-analysis of the initial density modulation and to relate the square root of the diffraction efficiency of the final phase grating to the amplitudes of its harmonics (instead of its full amplitude).
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